Small molecules that specifically bind with high affinity to any designated DNA sequence in the human genome would be useful tools in molecular biology and potentially in human medicine. Simple rules have been developed to rationally alter the sequence specificity of minor groovebinding polyamides containing N-methylimidazole and Nmethylpyrrole amino acids. Crescent-shaped polyamides bind as antiparallel dimers with each polyamide making specific contacts with each strand on the floor of the minor groove. Cyclic polyamides have now been synthesized that bind designated DNA sequences at subnanomolar concentrations.
A
Footprinting, affinity cleavage, NMR, and x-ray studies have established that polyamides containing N-methylimidazole (Im) and N-methylpyrrole (Py) amino acids can be combined in antiparallel side-by-side dimeric complexes with the minor groove of DNA (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . The DNA sequence specificity of these small molecules can be controlled by the linear sequence of pyrrole and imidazole amino acids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) ). An imidazole ring on one ligand complemented by a pyrrolecarboxamide ring on the neighboring ligand recognizes a GC base pair, whereas a pyrrolecarboxamide/imidazole combination targets a C*G base pair (2) (3) (4) . A pyrrole/pyrrole pair is degenerate for A-T or T-A base pairs (1) (2) (3) (4) .
Despite this design breakthrough in molecular recognition of DNA, the binding affinities of this class of polyamide dimers are modest (4) . For example, a three-ring polyamide dimer in complex with a 5-bp DNA site has a binding affinity typically in the range ofK = 2 x 105 M-1 (pH 7.0, 22°C) (4) . In an effort to improve the energetics, antiparallel dimers were connected by a central y-aminobutyric acid (y) residue to create a single molecule that could bind in the minor groove by folding to a hairpin shape (11) . Second-generation "hairpin" polyamides of sequence composition Im-Py-Py-y-Py-Py-Py-Dp 1 (where Dp is 3-dimethylaminopropyl side chain) were shown to have improved equilibrium association constants of 8 x 107 M-1 for designated 5-bp target sites 5'-TGTTA-3', an increase of 400 over the unlinked dimers (Fig. 1) . In a formal sense, y-linked pyrrole-imidazole polyamides could exist in at least two conformations, hairpin or extended, resulting in different DNA-binding motifs and, hence, possible different DNA specificities. Closing the ends of the hairpin to a circle would restrict conformational space for the DNA-binding molecule and presumably further increase the overall energetics. We report here the synthesis of cyclo-(Im-Py-Py-y-Py-Py-Py--y) 2 and analysis of the binding affinity and specificity of this class of cyclic DNA-binding small molecules (Fig. 1 Elmer Fourier transform infrared spectrometer. Highresolution mass spectra were recorded using fast atom bombardment (FAB) (Fig. 4) of sequence composition (A/T)G(A/T)3 which are also occupied by the cyclic polyamide. The footprint titration gels were dried and quantitated using storage phosphor technology. Apparent first-order binding constants were determined as described (11) .
RESULTS AND DISCUSSION
A cyclic polyamide 2 containing eight amino acids was synthesized in 12 steps from readily available starting materials. The key cyclization reaction was accomplished in good yield (58%) using diphenylphosphoryl azide in the presence of NaHCO3 followed by the deprotection with trifluoroacetic acid to give the cyclic product cyclo-(Im-Py-Py-,y-Py-Py-Py-,y) 2, which was purified by reverse-phase HPLC (Fig. 2) (Fig. 3) . The cyclic polyamide binds the 5'-TGTTA-3' site very tightly with an equilibrium association constant of K -2.9 x 109 M-1 (Fig. 4) . We attribute this increase of 40 in binding affinity over the corresponding hairpin polyamide 1 to a reduction in conformational entropy imparted via cyclization (Fig. 5) tData were not determined because hairpin 1 binds neighboring 5'-TGACA-3' single-base mismatch site.
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Proc. Natl. Acad. Sci. USA 92 (1995) more strongly to a match over single-base mismatch sites by a factor of 20. The cyclic polyamide, though higher in affinity, is less than or only equal to the hairpin in specificity. There may be an energetic price in specificity for closing the ends of the hairpin. Nevertheless, that wholly designed synthetic cyclic polyamides with a Mr of 950 bind designated 5-bp sequences at subnanomolar concentrations is an encouraging step forward. Further optimizing specificity remains a challenge.
